Introduction {#S5}
============

The mechanisms of exercise-associated bronchoconstriction in asthma remain enigmatic. Earlier research suggested that brief exercise leads to sudden water loss and temperature reduction in the airways triggering bronchoconstriction, but these specific physicochemical exercise responses occur similarly in people both with and without a history of asthma ([@R1]). Why these airway perturbations lead to bronchoconstriction in susceptible individuals is not clear. In a previous study, we induced ovalbumin (OVA) sensitivity in rats by parenteral OVA and then exposed the animals to aerosolized OVA or exercise. Bronchoconstriction resulted not only from specific exposure to aerosolized OVA, an expected finding in the previously sensitized rats, but, intriguingly, also from nonspecific exposure to brief exercise ([@R2]). These results add to the evidence that there is an exercise-associated inflammatory mechanism in EIB.

A brief bout of exercise leads to marked increases in circulating leukocytes in children and adults, and alters leukocyte gene expression ([@R3]). The pattern of circulatory mediators that changes after acute exercise (e.g., the increase in both cortisol and interleukin 1 receptor antagonist) suggests a highly regulated inflammatory response in which both pro- and anti-inflammatory processes are activated ([@R4]). Stressful and inflammatory states and diseases cause a downregulation of leukocyte glucocorticoid receptor (GR) ([@R5]), and Bonifazi et al. ([@R6]) showed that highly trained athletes had reduced GR expression in peripheral blood mononuclear cells.

The goal of this research was to test the immediate impact of a brief exercise challenge and the longer-term effect of an 8-week exercise training intervention on GR expression in circulating leukocytes in adolescents with and without asthma. We undertook this exploratory study to better understand 1) why brief exercise is a major trigger of bronchoconstriction in children with asthma and 2) somewhat paradoxically, why physical fitness is associated with better asthma control across the lifespan ([@R7], [@R8]). Circulating leukocytes play a mechanistic role in the pathogenesis of bronchoconstriction ([@R9]) and acute exercise challenges alter gene expression and function of many asthma-related pathways in circulating leukocytes([@R3]). These observations led us to hypothesize that acute exercise challenges and exercise training would affect leukocyte GR expression, a gateway and control point for the many stress and inflammatory functions associated with asthma ([@R10]).

In the present study, we examined for the first time the impact of both acute exercise and an exercise training intervention on leukocyte GR protein expression (by flow cytometry) and gene expression (RT-PCR) in adolescents with and without asthma. Moreover, since the gene expression response to exercise varies among the leukocyte subtypes ([@R3], [@R11]), we isolated and separately identified the exercise effect on monocytes, neutrophils, eosinophils, and lymphocytes.

Brief exercise is often used as an aid in the diagnosis or characterization of asthma. While such challenges are highly specific, their sensitivity (using most current protocols) is poor. Why many asthmatic adults and children with a convincing history of exercise-induced bronchoconstriction do not manifest airway obstruction during in-laboratory testing remains enigmatic. Nonetheless, we did measure standardized pulmonary function before and after the brief exercise challenges and evaluated other gas exchange markers of airway function \[e.g., the relationship between ventilation (V̇E) and CO~2~ production (V̇CO~2~) during exercise ([@R12])\].

Methods {#S6}
=======

Subjects {#S7}
--------

Fourteen healthy and 12 asthmatic adolescents (ages 14-17 years) participated in the study. Girls were not pregnant. Elite athletes and individuals who participated vigorously in competitive sports were excluded from participation. This study was approved by the institutional review board for human research at the University of California, Irvine, and informed consent was obtained from all subjects.

Anthropometric Measurements {#S8}
---------------------------

Standard, calibrated scales and stadiometers were used to determine height and body mass. Dual x-ray absorptiometry (DXA) was used to determine body composition, including lean body mass, and percent body fat, using a Hologic QDR 4500 densitiometer (Hologic Inc., Bedford, MA). DXA scans were performed and analyzed using pediatric software.

Pulmonary Function Testing {#S9}
--------------------------

Spirometry was performed at baseline and 10-15 mins after exercise challenge. Spirometry included FVC, FEV~1~, and forced expiratory flow, mid expiratory phase (FEF~25--75~) measured in triplicate (V~max~229; Sensormedics, Yorba Linda, CA) according to American Thoracic Society (ATS) guidelines ([@R13]). If participants had ≥ 10% decrease in FEV~1~ following exercise challenge, then inhalation of albuterol was given and spirometry was repeated. All medications, including inhaled corticosteroids, were held for at least 24 hours prior to each visit.

Asthma control was assessed using the Asthma Control Questionnaire ([@R14]) before and after training intervention in participants with asthma.

Exercise Training Intervention {#S10}
------------------------------

Participants completed an 8-week aerobic exercise training intervention (1-hr session, 3 days a week). Three asthmatic participants did not complete the training intervention due to transportation or personal issues. The participants performed a fitness assessment and an exercise challenge before and after the training intervention.

Fitness Assessment {#S11}
------------------

Each subject performed a ramp-type progressive cycle ergometer exercise test using the SensorMedics metabolic system (Ergoline 800S, Yorba Linda, CA). After sitting comfortably without pedaling ("resting) on the cycle ergometer for 3 min and 1 min of unloaded pedaling, the work rate (WR) was incremented at 10--20 W/min to the limit of the subject\'s tolerance. Subjects were vigorously encouraged during the high-intensity phases of the exercise protocol. Gas exchange was measured breath-by-breath and peak V̇O~2~ was calculated as the highest 20-second rolling average in the last minute of exercise. Respiratory anaerobic threshold was calculated using standard methods ([@R15]).

Acute Exercise Challenge and Blood Draws {#S12}
----------------------------------------

At least 48 hours, but not exceeding 7 days, following the completion of the ramp test, each subject performed 20 min of exercise consisting of ten 2-min bouts of constant work rate cycle ergometry, with 1-min rest interval between each bout of exercise (i.e., a 30-min interval). The work rate was individualized for each subject and was calculated to be equivalent to the work rate corresponding roughly to 50% of the work rate between the respiratory anaerobic threshold and the peak oxygen uptake. On average, this work rate was equivalent to 75% of the participants\' peak V̇[o]{.smallcaps}~2~. Blood was drawn prior, immediately after exercise, and 1 hr into recovery.

Blood Sample Collection {#S13}
-----------------------

Two 10-ml EDTA blood samples were obtained before and immediately after the exercise bout and 1 hour into recovery. One ml whole blood was sent to UCI-Clinical Pathology Laboratory for complete blood count (CBC) with differential. Two ml whole blood was aliquoted to be used immediately for leukocyte immune-phenotyping and intracellular staining of the GR using flow cytometry. The remaining blood was used to separate plasma for cortisol and cytokine analysis. A second 10 ml EDTA-treated peripheral blood was collected to isolate peripheral blood mononuclear cells (PBMC) on a subset of healthy and asthmatic adolescents. Plasma lactate was measured before and after exercise using YSI 2300 STAT Plus Glucose and Lactate Analyzer.

Flow Cytometry {#S14}
--------------

Whole blood was used for surface immunophenotyping using surface marker antibodies and intracellular glucocorticoid receptor determination.

The following surface antigen-specific fluorescent-conjugated monoclonal antibodies were used in multiparameter flow cytometry: CD14-PerCP (clone MΦP9, BD Biosciences, San Jose, CA), CD3-APC (clone UCHTI), CD16-Pacific Blue (clone 3G8), CD193-APC (clone 5E8), and CD203-APC (clone NP4D6), all from Biolegend (San Diego, CA). Details of the protocol as well as acquisition and analysis of the flow cytometry data including representative flow cytometry plots can be found in the [Supplemental Materials (online) including Supplemental Figure S1](#SD1){ref-type="supplementary-material"}.

Gene Expression {#S15}
---------------

On a subset of 10 healthy and 11 asthmatic participants, PBMC gene expression of the glucocorticoid receptor (NR3C1) and selected genes known to be involved in the GR pathway \[GR β, TGFβ1 and 2, and heat shock protein 70kD ([@R16]--[@R18])\] was performed using RT-PCR.

GR α, the active isoform, and GR β, an isoform that is thought to act as a dominant negative inhibitor, are formed after alternative splicing. Elevated levels of GR β are associated with glucocorticoid resistance in several conditions, including asthma ([@R16]). HSP70 is affected by acute bouts of exercise and also interacts with GR through partial unfolding that results in GR ligand release and inactivation ([@R18]). TGFβ1 and 2 are involved in pathogenesis of inflammation in asthma and are inhibited by glucocorticoids ([@R17]).

In a series of previous studies in our laboratory, we examined the impact of acute bouts of exercise on gene expression in circulating subtypes of leukocytes using very stringent statistical requirements ([@R3], [@R11], [@R19]). We have found approximately 2,000 genes influenced by exercise. We then interrogated these gene sets to see if there was overlap with genes known to be affected by GR. In previously published data from this and other laboratories, we identified a set of common genes related to the GR regulatory network and acute exercise in circulating monocytes ([Table 1](#T1){ref-type="table"}). The genes that we found appear to play pivotal roles in both exercise and GR function and will be tested in future studies. Please see [Supplemental Material (Online)](#SD1){ref-type="supplementary-material"} for details of PMBC isolation and RT-PCR.

Cortisol {#S16}
--------

Plasma cortisol was determined by enzyme immunoassay using commercial ELISA kit (Rocky Mountain Diagnostics, Colorado Springs, CO). All samples were analyzed in duplicate following manufacturer\'s protocol. Our laboratory reports a CV \< 10% on all sample evaluated, Inter (4plates) \<10% & Intra assay CV \< 10%.

Statistical Analysis {#S17}
--------------------

The data were analyzed using SAS 9.4 software (SAS Institute Inc., Cary, NC). Two different mixed model analyses were conducted. The primary analysis evaluating differences in median fluorescence (MFI) intensity for GR expression among leukocyte subtypes utilized a mixed random effects model taking into account subject level inter-correlation. This model included training, gender, group (health vs. asthma) main effects, and interactions. Next, a set of models accounting for subject inter-correlations among repeated measures was run within each leukocyte subtype, evaluating differences related to acute exercise challenge and exercise training, gender, and group (healthy vs. asthma). Secondary analyses included a set of models evaluating acute and training effects on absolute leukocyte subtype counts. Post hoc mean comparisons were adjusted for multiple comparisons using a Tukey-Kramer adjustment and effect sizes were also evaluated. Differences in mean RQ of selected genes before and after training were assessed using a non-paired T-Test. P value of \< 0.05 was considered significant.

Results {#S18}
=======

Anthropometric, Fitness, and Spirometry Data ([Table 2](#T2){ref-type="table"}) {#S19}
-------------------------------------------------------------------------------

Subjects were 8 healthy males, 6 healthy females, 4 asthmatic males, and 8 asthmatic females, 14-17 years of age. There were no significant differences in BMI percentiles or body composition between healthy and asthmatic participants except for lean body mass (LBM) among males. Asthmatic males had a mean LBM of 60.9 ± 5.3 kg compared to healthy males with mean LBM of 47 ± 6.5 kg at baseline.

Spirometry was similar between healthy and asthmatic participants except for FVC % predicted. Asthmatics had a mean FVC % predicted of 110 ± 12.9 compared to healthy participants with mean FVC % predicted of 95.3 ± 10.2 (p \< 0.05). Two participants with asthma met criteria for exercise-induced bronchoconstriction with ≥10% drop in FEV~1~ following acute exercise challenge ([@R20]) prior to training intervention. One of two participants did not have EIB following exercise challenge after training intervention and the other participant dropped out.

Asthma Control {#S20}
--------------

Six of the 12 participants with asthma had persistent asthma per NAEPP criteria ([@R21]) and were on daily controller medications. Two of the participants had uncontrolled asthma per Asthma Control Questionnaire (score ≥ 1.50) at baseline. There was no significant difference in mean ACQ score following training among participants with asthma ([Table 2](#T2){ref-type="table"}). However, two of the participants had significant improvement in ACQ following training (change score of ≥ 0.5), while one participant had a worsening ACQ score following training.

Acute Exercise Challenge {#S21}
------------------------

There was a significant increase in lactate following acute exercise challenge, with mean lactate of 2.1 mmol/L ± SEM 0.1 at baseline to mean lactate of 9.5 mmol/L ± SEM 0.5 following exercise ([Figure 1](#F1){ref-type="fig"}) (p \< 0.001). There was no significant difference in lactate response to acute exercise following exercise training (p=0.74) even though peak V̇O~2~ and work rate were higher post training.

There was no difference in exercise ΔV̇E/ΔV̇CO~2~ between healthy and asthmatic participants both before and after the training intervention ([Table 2](#T2){ref-type="table"}).

Exercise Training Intervention {#S22}
------------------------------

Eighty-eight percent of participants completed the 8-week aerobic exercise training program. Peak V̇O~2~ did not differ between healthy and asthmatic participants at baseline by gender. Peak V̇O~2~ increased by a mean of 14.6 ± 2.3% among all participants indicating that the training effort was effective (p \< 0.01) ([Table 2](#T2){ref-type="table"}).

Differences in Leukocyte Subtypes in Blood Count With Acute Exercise Pre- and Post-Exercise Training Intervention {#S23}
-----------------------------------------------------------------------------------------------------------------

Complete blood counts were obtained during acute exercise challenge at baseline, peak exercise, and 1hr into recovery before and after training program ([Figure 2](#F2){ref-type="fig"}). There were significant increases in absolute neutrophil count (ANC), absolute lymphocyte count (ALC), absolute monocyte count (AMC), absolute eosinophil count (AEC), and absolute basophil count (ABC) with peak exercise (p \< 0.05). There was no difference seen pre- and post-training.

Baseline Differences in GR Protein Expression Among Leukocyte Subtypes {#S24}
----------------------------------------------------------------------

GR expression was different across leukocyte subtypes in mixed model analysis (p \< 0.001) at all time points. The expression of GR in eosinophils was significantly higher than monocytes, T lymphocytes, basophils, and CD16dim cells (adjusted p \< 0.05) across all time points ([Figure 3](#F3){ref-type="fig"}). Multiple comparisons between leukocyte subtypes were almost all significant except for neutrophils and eosinophils; neutrophils and basophils; cd16dim cells and T lymphocytes; and eosinophils and basophils. GR MFI was also different across monocyte subsets in mixed model analysis (p \< 0.001) (data not shown).

Effect of Acute Exercise on GR Protein Expression Among Leukocyte Subtypes ([Figure 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}) {#S25}
-----------------------------------------------------------------------------------------------------------------------------------------

GR expression was altered by acute exercise (baseline, peak, and/or 1-hr recovery) in monocytes, neutrophils, eosinophils, and basophils using mixed model analysis (p \< 0.05). GR expression was also different during acute exercise in classical and intermediate monocytes in mixed model analysis (p \< 0.05).

Effect of Exercise Training Intervention on GR Protein Expression Among Leukocyte Subtypes ([Figure 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}) {#S26}
---------------------------------------------------------------------------------------------------------------------------------------------------------

There was a significant effect of training on GR expression in leukocyte subtypes in mixed model analysis (p \< 0.05). Specifically, there was a significant decrease in GR expression on T lymphocytes, monocytes, neutrophils, eosinophils, and CD16dim cells with training (adjusted p \< 0.05). There was also an effect of training on GR expression in all monocyte subsets in mixed model analysis (p \< 0.05). Classical, intermediate, and non-classical monocytes had lower GR expression after training (adjusted p \< 0.05). There was no significant interaction between acute exercise and training on GR expression in leukocyte subtypes

GR Protein Expression in Healthy and Asthmatic Adolescents {#S27}
----------------------------------------------------------

Overall, there was no significant difference in GR expression in leukocyte subtypes between healthy and asthmatic participants using flow cytometry and RT-PCR (data not shown).

PBMC Gene Expression of Glucocorticoid Receptor and Related Genes ([Table 3](#T3){ref-type="table"}) {#S28}
----------------------------------------------------------------------------------------------------

There was no effect of acute exercise or exercise training intervention on PBMC gene expression of NR3C1, GR β, TGFβ1 and 2 in both healthy and asthmatic participants. We did see increased expression of HSP70 following acute exercise challenge (p \< 0.05). There was also decreased expression of HSP70 at baseline following training (p \< 0.05).

Cortisol and GR Expression Among Leukocyte Subtypes {#S29}
---------------------------------------------------

There were no significant correlations between cortisol levels (at baseline and after exercise before and after training intervention) and GR expression in leukocyte subtypes except for peak cortisol level pre-training was negatively correlated with CD16dim expression (R = -0.51, p = 0.017) (data not shown).

Discussion {#S30}
==========

This is the first prospective study in adolescents to evaluate circulating leukocyte GR expression in response to acute exercise and exercise training. The major novel findings of this study are: 1) the acute exercise challenge significantly reduced GR MFI in several leukocyte subtypes despite an increase in the numbers of leukocytes in the circulation ([Figure 2](#F2){ref-type="fig"}), and 2) the effect of 8 weeks of the training intervention was sustained as demonstrated by a reduction in GR MFI in several leukocyte subtypes. We also found that GR expression by flow cytometry was not uniform among leukocyte subtypes, suggesting that the regulation of GR might be tied to particular mechanisms of individual immune cell function. In mRNA derived from the mixed leukocyte population of PBMCs, the training intervention led to a downregulation of HSP70 gene expression \[a gene involved in GR function ([@R18])\]. We found no effect of acute exercise or the training intervention on pulmonary function tests or on ventilatory responses to exercise in either the asthmatic participants or the controls. Nor was there a difference in the pattern of leukocyte GR expression in response to acute exercise and the training intervention between the two groups.

Leukocyte GR Protein Expression is Cell Type Specific {#S31}
-----------------------------------------------------

Although leukocyte GR is often measured from PBMCs, there is growing evidence that the density and possibly function of glucocorticoids are influenced by the specific immune cell type. In nephrotic syndrome, another disease where steroids are commonly used, Hammad et al. found that expression of GR was significantly lower in T lymphocytes and monocytes in steroid-resistant patients compared to steroid-sensitive patients and healthy controls, highlighting that GR expression in a specific leukocyte subtype may help determine treatment response ([@R22]). We found that baseline levels of GR expression were substantially and significantly higher in eosinophils, basophils, and neutrophils ([Figure 3](#F3){ref-type="fig"}). The highest expression of GR was found in eosinophils. Conditions characterized by high levels of eosinophils, including nasal polyps and eosinophilic esophagitis, tend to respond favorably to glucocorticoids ([@R23]). Eosinophils play a key role in type 2 asthma, contributing to airway inflammation and infiltration ([@R24]). Furthermore, current and experimental treatments targeting decreasing eosinophils are used in asthma ([@R25]). Basophils are numerous in bronchial biopsies of asthmatics as well as in postmortem specimens of asthmatics; however, the understanding of the role of basophils in asthma is poor.

Effect of Acute Exercise on GR Protein Expression {#S32}
-------------------------------------------------

We saw a rapid decrease in GR expression in relation to a brief exercise challenge. This was not correlated with cortisol levels. GR may also decrease in response to other acute stressors, such as shock. Shibata et al. found that children with shock and increased severity of illness had lower GR expression in CD4 and CD8 lymphocytes ([@R26]). Rapid decreases in GR mRNA levels were seen only 30 min after a forced exercise stress in rats and associated with changes in DNA methylation and miR-124a levels ([@R27]). GR levels on leukocytes may also change over a short period of time through, for example, phosphorylation of GR ([@R28]).

We speculate that acute downregulation of the GR on leukocytes may represent a period of increased vulnerability to triggers leading to bronchoconstriction, similar to the increase in susceptibility to upper respiratory tract infections following acute bout of exercise thought to be related to short-term suppression of the immune system ([@R29]).

Effect of Exercise Training Intervention on GR Protein Expression {#S33}
-----------------------------------------------------------------

We found a significant decrease in GR expression on T lymphocytes, monocytes, neutrophils, eosinophils, and CD16dim cells with training ([Figure 5](#F5){ref-type="fig"}). Improved fitness has been shown to improve asthma symptoms and airway inflammation in asthmatics. Furthermore, aerobic training has been associated with a decreased need for glucocorticoids in asthmatics ([@R30]). Emerging evidence suggests a role for the GR in mediating the anti-inflammatory effects of exercise training. Animal models of asthma suggest that aerobic training is associated with an anti-inflammatory effect through various mechanisms including reduction in NF-κβ levels ([@R31]), GR expression ([@R32], [@R33]), or anti-inflammatory cytokines ([@R34]). In an animal asthma model, Silva et al. found that aerobic training increased the expression of GR in the airway smooth muscle, as well as expression of anti-inflammatory cytokines leading to decreased airway inflammation and inflammatory mediators ([@R32]). This finding in airway smooth muscle differs from our findings in leukocyte subtypes; however, GR expression and regulation vary considerably between tissues ([@R35]).

In one study of subjects undergoing different training regimes, highly trained athletes were found to have lower levels of GR-α mRNA compared to low-trained and untrained subjects in PBMCs ([@R6]). In another study of healthy males, exercise training was associated with a significant reduction in GR mRNA, as well as NFKβ1 in mononuclear cells with concomitant reduction in cytokine concentrations and basal cortisol levels ([@R36]).

Given the high prevalence of steroid treatment in many diseases, there is a surprising lack of clinical studies focused on mechanisms of GR regulation. GR expression is decreased following treatment with steroids, but is also decreased following an acute stress ([@R26]). Our results showing decreased GR expression in both acute exercise and an exercise intervention illustrate a possible paradox ([Figure 5](#F5){ref-type="fig"} and 7). We found that acute exercise is associated with decreased expression of GR and may represent a brief period of increased vulnerability to triggers, leading to bronchoconstriction. Decreased GR is associated with increased severity of illness in critically ill children in the pediatric intensive care unit ([@R26]).

We speculate that exercise training (involving repeated bouts of exercise) downregulates the stress response in general, and will render individuals less susceptible to triggers and bronchoconstriction ([Figure 6](#F6){ref-type="fig"}). This healthy adaptation phenomenon may be an example of hormesis, where repeated exposures of a stress, such as acute exercise, can elicit adaptive changes allowing individuals to withstand greater stress ([@R37]). Environmental stressors, such as exercise or the microbial environment, may activate the immune system, particularly the innate immune system, and protect against development or worsening of asthma ([@R38]). For adolescents prone to asthma, increased tolerance of stress and inflammation may help explain why improving fitness improves asthma control and symptoms.

GR Expression in Asthma {#S34}
-----------------------

We found no differences in GR protein expression between healthy controls and adolescents with asthma using flow cytometry. We also did not find any differences in GR mRNA expression between controls and asthmatics, although our sample size of asthmatics was small. This is consistent with previous studies where levels of GR mRNA or protein levels did not differ between healthy and asthmatic participants with varying degrees of severity ([@R16], [@R39]). Perisic et al. found that GR binding affinity in mononuclear cells was decreased, while the number of GR was increased, in moderate asthmatic adolescents compared to mild asthmatics and healthy subjects. The investigators did not examine responsiveness to steroids ([@R39]).

Gene Expression {#S35}
---------------

We selected a small group of genes known to be involved in the GR pathway. We found that HSP70 gene expression in PBMCs was significantly increased following acute exercise challenge. Additionally, we found that baseline levels of HSP70 were decreased after exercise training. HSP70 in skeletal muscle and circulating leukocytes is affected by acute bouts of exercise ([@R40]) and also interacts with GR through partial unfolding that results in GR ligand release and inactivation ([@R18]). From our flow cytometry data, it is clear that GR expression varies among different leukocyte subtypes; this might explain why it would be difficult to identify effects of individual leukocyte subtypes in the heterogeneous population of PBMCs. We found no differences in gene expression of NR3C1, GR β, and TGFβ1 and 2 in response to acute or exercise training. We only selected a small group of genes related to glucocorticoid function and therefore could have missed others that were not examined.

Study Limitations {#S36}
=================

While GR expression is only one factor that explains glucocorticoid responsiveness, we did not measure GR function, for example, with dexamethasone stimulation, which could provide further insight into the role of GR in acute and exercise training. Gene expression was performed in PBMCs on a small number of targeted genes and there may be differences in expression of genes that influence GR that were untested. Further, the gene expression pattern of specific leukocyte subtypes may not be reflected in the larger PBMC sample. Indeed, we have found that the pattern of gene expression in response to acute exercise among circulating leukocytes is cell-type specific ([@R11], [@R19]). There are data from animal models that even within a specific leukocyte subtype patterns of gene expression differ from cells residing in specific tissues compared with circulating cells ([@R41]). In our studies in children, we could only safely access circulating leukocytes, and it is quite possible that gene expression (and, perhaps, GR quantity) differs between the circulating pool and the pulmonary pool of cells. It is noteworthy that the concentration of almost all leukocyte subtypes is much higher in the pulmonary circulation than in the peripheral blood, suggesting a possible unique activation of these cells that are in close contact with potentially harmful mediators (e.g., pathogens, pollutants) in the environment. Additional factors in determining glucocorticoid responsiveness include evaluation of different GR isoforms at the protein level. GR isoforms can only be identified using Western blot of proteins and a more accurate assessment of the impact of exercise on GR can be done by examining protein expression of GR isoforms and whether the localization of those isoforms change between cytoplasm and nucleus with exercise. Another limitation of our study was the ability to detect race or ethnic differences in GR expression in our study population. There are several studies that have reported differential race/ethnic responses to corticosteroids, specifically that African-American asthmatics may respond less to corticosteroids compared to other groups ([@R42]). Finally, we studied a group of self-selected adolescents with asthma that were relatively fit and the majority of asthmatics were under good control. We suspect that children with asthma who volunteer for studies involving exercise may represent patients who are more physically active than those who choose not to volunteer. We speculate that differences in GR expression may be evident in asthmatics who are unfit, are more symptomatic, or do not respond to steroids effectively.

Conclusions {#S37}
===========

In summary, we found that exercise training decreased GR expression in circulating leukocytes in healthy and asthmatic adolescents and may be one mechanism through which improved fitness leads to improved asthma control and symptoms. Future studies should include looking at the effect of exercise on GR function, different GR isoforms as well as localization of GR between the cytoplasm and nucleus. Finally, this is an exciting time for translational researchers focused on the role of the GR in health and disease. Hapgood et al. recently outlined a remarkable set of glucocorticoid-independent mechanisms through which stress, cytokines, and other factor alter the GR and influence physiological function ([@R43]). Given the multifactorial nature of the effect of exercise on cellular homeostasis (ranging from changes in temperature and pH to production of stress and growth factors), it is highly likely that some of these newer mechanisms may play a role in the exercise effect on GR in circulating leukocytes.
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![Effect of acute exercise and exercise training intervention on lactate levels. Lactate was significantly increased with peak exercise (\*p\<0.001)(a). There was no significant difference in lactate response to acute exercise (peak/baseline, corrected for work rate) following exercise training (p=0.74)(b).](nihms858660f1){#F1}

![Absolute leukocyte counts in response to acute exercise and exercise training intervention in (a) neutrophils, (b) lymphocytes, (c) monocytes, (d) eosinophils, and (e) basophils. There were significant differences between baseline/recovery and peak exercise among all absolute leukocyte counts (\*p\<0.05). There was no effect seen with training on absolute leukocyte counts.](nihms858660f2){#F2}

![GR expression differs among leukocyte subtypes. GR expression in leukocyte subtypes at baseline presented as mean (SEM). There are significant differences between GR expression in leukocyte subtypes in almost all comparisons except for neutrophils and eosinophils; neutrophils and basophils; cd16dim cells and T lymphocytes; and eosinophils and basophils.](nihms858660f3){#F3}

![Effect of acute exercise and exercise training intervention on GR expression in leukocyte subtypes. GR expression in (a) neutrophils, (b) eosinophils, (c) basophils, (d) T lymphotcytes, (e) monocytes, and (f) CD16dim cells is presented as mean MFI (SEM) for each leukocyte subtypes at time 0 (baseline), 30 mins (peak exercise) and 90 mins (recovery) pre training and post training. GR expression was altered by acute exercise in monocytes, neutrophils, eosinophils and basophils (\*p\<0.05). There was a significant decrease in GR expression at time 0 after training intervention on T lymphocytes, monocytes, neutrophils, eosinophils and CD16dim cells with training (\*\*adjusted p\<0.05).](nihms858660f4){#F4}

![Effect of acute exercise and exercise training intervention on GR expression in monocyte subpopulations. GR expression in (a) classical monocytes, (b) intermediate monocytes, and (c) non-classical monocytes is presented as mean (SEM) for each monocytes subpopulation at time 0 (baseline), 30 mins (peak exercise) and 90 mins (recovery) pre training and post training. There was a significant effect of acute exercise on classical and intermediate monocytes (\*p\<0.05). GR expression was significantly decreased at baseline after exercise training intervention in all monocyte subpopulations (\*\*adjusted p\<0.05).](nihms858660f5){#F5}

![The major findings of the study ((a) acute exercise and (b) exercise training) and possible impacts on health. Exercise is a multifactorial perturbation to cellular homeostasis, including: changes in pH and temperature; release of stress cytokines and growth factors; and changes in neuroadrenergic regulation. In the response to an acute bout of exercise, circulating leukocyte GCR is immediately reduced in key leukocyte subtypes. This perhaps creates a period of vulnerability in patients with asthma, rendering them more susceptible to additional triggers of bronchoconstriction. Paradoxically, the effect of the longer-term exercise training was a sustained reduction in GCR on circulating leukocyte subtypes. This may represent a longer-term downregulation of the GCR in response to the repeated elevation in glucocorticoid and other stress hormones \[an increasing number of which are now known to alter GR ([@R43])\]. Ultimately, how this sustained downregulation of leukocyte GR is related to the clinical observation of improved asthma control in fitter children remains unknown.](nihms858660f6){#F6}

###### Common Genes in Monocytes Altered in Response to Acute Exercise and Associated with the GR Pathway

  Gene Symbol   Gene Name                                          Change   Relevant Function
  ------------- -------------------------------------------------- -------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  NR3C1         Nuclear receptor subfamily 3, group C, member 1    ↑        Glucocorticoid receptor. Is critical in inflammatory response, cellular proliferation and differentiation in target tissues.
  NR4A1         Nuclear receptor subfamily 4, group A, member 1    ↑        Involved in cellular response to CRH, fat cell differentiation, negative regulation of cell cycle, apoptosis, and skeletal muscle cell differentiation.
  FKBP4         FK506 binding protein 4, 59kDa                     ↑        Involved in immunoregulation, intracellular trafficking of steroid hormone receptors, steroid hormone receptor complex assembly, protein folding, and androgen receptor signaling pathway.
  HSP90AA1      Heat shock protein 90kDa alpha, class A member 1   ↑        Chaperone protein that promotes maturation, structural maintenance and proper regulation of specific target proteins. Also involved with protein folding/response to stress.
  PBX1          Pre-B-cell leukemia homeobox 1                     ↓        May be involved in regulation of osteogenesis, skeletal patterning and programming. May also have a role in steroidogenesis and sexual differentiation.
  FKBP5         FK506 binding protein 5                            ↓        Plays a role in immunoregulation and basic cellular processes involving protein folding and trafficking. Also involved with glucocorticoid resistance.

[www.genecards.org](http://www.genecards.org)

###### Baseline Characteristics of Participants

                                                                          Healthy n=14 (8 male)   Asthmatics n=12 (4 male)
  ----------------------------------------------------------------------- ----------------------- --------------------------
                                                                                                  
  Age in years, mean (range)                                              15.0 (14-17)            15.7 (14-17)
                                                                                                  
  Race, n (%)                                                                                     
  White                                                                   10 (71)                 6 (50)
  Asian                                                                   3 (21)                  5 (42)
  More than one race                                                      1 (7)                   1 (8)
                                                                                                  
  BMI percentile, mean (SD)                                               49 (24.8)               66.7 (22.6)
  Normal weight, %                                                        12                      10
  Overweight/obese, %                                                     2                       2
                                                                                                  
  Body composition, mean (SD)                                                                     
  Males                                                                                           
  Lean body mass (kg)[\*](#TFN2){ref-type="table-fn"}                     47.0 (6.5)              60.9 (5.3)
  Total % body fat                                                        19.9 (3.0)              16.4 (5.9)
  Females                                                                                         
  Lean body mass (kg)                                                     40.7 (10.7)             41.1 (6.7)
  Total % body fat                                                        27.6 (4.7)              26.4 (5.9)
                                                                                                  
  Baseline peak VO~2~, mean(SD)                                                                   
  Male (mL/min/kg)                                                        50.0 (8.1)              45.9 (7.2)
  Female                                                                  39.9 (4.1)              35.9 (4.5)
                                                                                                  
  Post training peak VO~2~, mean (SD)[\*\*](#TFN3){ref-type="table-fn"}                           
  Male                                                                    57.2 (7.3)              53.1 (8.7)
  Female                                                                  45.2 (5.2)              40.7 (6.4)
                                                                                                  
  Spirometry, pre training                                                                        
  FVC % predicted, mean (SD)[\*](#TFN2){ref-type="table-fn"}              95.3 (10.2)             110 (12.9)
  FEV1 % predicted, mean (SD)                                             92.8 (9.9)              102.8 (15.2)
  FEV1/FVC %, mean (SD)                                                   84 (5.6)                82.8 (6.7)
                                                                                                  
  Baseline VE/VCO2 slope, mean (SD)                                                               
  Males                                                                   24.5 (1.6)              22.6 (5.8)
  Females                                                                 25.1 (3.0)              26.1 (3.7)
                                                                                                  
  ACQ mean (SD)                                                                                   
  Pre-training                                                            n/a                     0.69 (1.0)
  Post training                                                                                   0.42 (0.50)

p\<0.05 for differences between groups analyzed by t-test. Participants who dropped out were excluded from group analysis.

p\<0.05 for training effect with each group.

###### Gene Expression at pre and post-training in Peripheral Blood Mononuclear cells

  Gene                      Pre-training, relative quantity   Post-training, relative quantity   Training effect, baseline   Training effect, peak              
  ------------------------- --------------------------------- ---------------------------------- --------------------------- ----------------------- ---------- ------
  NR3C1 (GR)                1.04                              1.12                               1.11                        1.10                    0.33       0.86
  GR β                      0.77                              0.76                               0.74                        0.69                    0.74       0.53
  TGFβ1                     0.75                              0.76                               0.75                        0.76                    0.83       0.88
  TFGβ2                     0.56                              0.46                               0.65                        0.43                    0.46       0.48
  Heat Shock Protein 70Kd   1.48                              3.73                               1.16                        2.89                    **0.04**   0.16

Paired t-test. Significant values are bolded (p\<0.05).
